Background. Ageing is associated with changes to the structure and function of the foot and ankle, and there is preliminary evidence that foot problems impair balance and increase the risk of falls. To explore this in more detail, we conducted a study to determine the relative contribution of several foot and ankle characteristics to performance on a range of balance and functional tests.
M
AINTAINING balance and performing functional tasks depend on the interaction of multiple sensory, motor, and integrative systems. These systems include vision, vestibular function, peripheral sensation, strength, and reaction time (1) . Functioning of each of these factors declines with age (2) . By directly assessing an individual's physiological abilities, impairments in one or more physiological domains can be identified and their contribution to physical ability can be determined. In previous studies, this approach has been used to examine the relative contribution of sensorimotor factors to balance (3), functional ability (4, 5) , and risk of falling (1) . However, there are a number of factors not included in this conceptual model. In particular, it is likely that foot problems have a detrimental effect on mobility that is independent of the influence of these factors.
Foot problems are reported by approximately 30% of community-dwelling older people (6) (7) (8) , and are associated with reduced walking speed (7) , difficulty in performing activities of daily living (7, 9) , and increased risk of falls (10) (11) (12) . Despite the recognition of the detrimental effect of foot problems on mobility, the mechanism by which foot problems increase risk of falling has not been explored in detail. As the only source of direct contact with the ground during weight-bearing tasks, the foot contributes to the maintenance of stability in two main ways: (i) by providing mechanical support for the body via the osteoligamentous architecture of the arch and the coordinated function of lower limb muscles, and (ii) by the provision of sensory information regarding body position from plantar tactile mechanoreceptors. It is therefore likely that deficits in foot posture, flexibility, strength, or sensation impair this support function and predispose to loss of balance.
We have previously demonstrated that an overall measure of foot impairment based on the observation of foot lesions and structural deformities was significantly and independently associated with performance on clinical tests of balance and functional ability (13) . However, very little is known about whether foot posture, range of motion (ROM), sensation, and strength may influence mobility. There is some evidence that excessively flat feet (14) or highly arched feet (15) may impair standing balance in healthy young persons, and a significant association between ankle ROM and balance has been reported in older women (16) .
The aim of this study was to build on previous work to determine whether a broader range of tests of foot characteristics are significant determinants of balance and functional ability in a sample of older people. In particular, we were interested to ascertain whether these tests are capable of explaining additional variance in balance and functional performance after well established sensorimotor factors are considered.
METHODS

Participants
The study sample comprised 176 people (56 men and 120 women) aged 62-96 years (mean 80.1 years, standard deviation ¼ 6.4) who were residing in a retirement village. One hundred fifty-five resided in independent living units, and 21 resided in serviced apartments. Residents in serviced apartments attended a communal dining room for all meals and had their rooms maintained by staff; however, all were independent in dressing, bathing, and toileting (Table 1) . Residents were deemed ineligible for the study if they were unable to ambulate household distances without an assistive device or scored ,7 on the Short Portable Mental Status Questionnaire (17) . The participation rate was 54%. Age and sex data were available for nonresponders. Nonresponders were of similar age (80.1 years, standard deviation ¼ 7.3) and gender (38% men) to participants. The Human Studies Ethics Committee at La Trobe University approved the study, and informed consent was obtained from all persons prior to their participation.
Foot and Ankle Characteristics
Foot and ankle characteristics were tested across five domains: foot posture, foot ROM, foot deformity and lesions, foot strength, and foot sensation. Foot posture was assessed using the foot posture index (18) , arch index (19) , and navicular height (20) . Navicular height was corrected for differences in foot size by dividing it by the length of the foot (20) . Ankle flexibility was measured in degrees using a modified version of the weightbearing lunge test (20) . Participants rested their hand on a bench placed alongside them at waist height to reduce the demands for balance control when undertaking the test. First metatarsophalangeal joint (1st MPJ) ROM was measured in a nonweightbearing position with a goniometer while the examiner maximally extended the hallux (21) . Foot deformity was evaluated by documenting the presence of hallux valgus, lesser toe deformities, corns, and calluses. The presence and severity of hallux valgus was determined using the Manchester scale (22) . An overall measure of hallux valgus severity was determined by summing the scores for right and left feet. Presence of lesser digital deformity, corns, and calluses was determined according to previously published criteria (23) , and a sum of the total number of each of these abnormalities for both feet was documented. The strength of the plantarflexor muscles of the hallux and lesser toes was determined using the paper grip test (24) . Tactile sensitivity of the 1st MPJ was evaluated using an aesthesiometer using a two-alternative forced choice protocol (1) . Reliability coefficients for each of these tests when performed by older people are reported elsewhere (20) .
Sensorimotor Function Assessment
Sensorimotor function was assessed across four domains: vision (visual acuity and contrast sensitivity), sensation (tactile sensitivity of the lateral malleolus and proprioception), strength (knee extension and ankle dorsiflexion), and finger-press reaction time. Descriptions of the apparatus and procedures for these tests and their test-retest reliability are reported elsewhere (1).
Balance and Functional Assessment
The balance and functional tests are shown in Figure 1 . Postural sway was measured using a sway meter that measured displacements of the body at the level of the waist (1) . Testing was performed with participants, with eyes open, standing on the floor and on a medium-density foam rubber mat. Leaning balance was measured using the maximum balance range test and coordinated stability tests (25) . Functional ability was evaluated using the alternate stepping test (the time taken to alternately place each foot on a 19 cm-high step eight times), sit-to-stand (time taken to rise from a 43-cm-high chair five times without using the arms), and walking speed over 6 meters. Reliability coefficients for each of these tests when performed by older people are reported elsewhere (1, 5, 25) . All tests were performed barefoot to exclude the influence of footwear (26) . Maximum balance range, coordinated stability, and walking speed were corrected for height prior to analysis.
Statistical Analysis
Variables with right-skewed distributions were log transformed. Pearson correlation coefficients were computed to examine the relationships between foot and ankle characteristics, sensorimotor measures, and balance and functional test performance scores. Independent samples t tests were performed to assess for differences in balance and functional test scores according to the paper grip test performance. All variables found to be significantly associated with the balance and functional tests were then entered into a series of stepwise multiple regression analyses to determine their relative importance in explaining variance in each of the tests. Age was then forced into the model to determine whether it could explain any more variance in the balance and functional test scores. To avoid the inclusion of misleading or unhelpful variables due to covariance among some independent variables, only the most highly correlated variable from each domain was included as a possible predictor at the entry of each block. Beta weights and signs for all variables entered into the regression model were also (17) examined to ensure they made meaningful contributions to functional test performance. Change in the amount of variance (R 2 ) was assessed following the addition of age into the model. The standardized beta weights provided give an indication of the relative importance of the various measures entered into the model in explaining variance in balance and functional test scores. The data were analyzed using SPSS for Windows (SPSS, Inc., Chicago, IL). 
RESULTS
Descriptive Statistics
Descriptive statistics for each of the foot and ankle, sensorimotor, and balance and functional test measurements are shown in Table 2 . Table 3 shows the associations between the foot and ankle tests and balance and functional test scores. The foot and ankle characteristics with the most consistent associations with balance and functional test scores were plantar tactile sensitivity, ankle flexibility, the presence of lesser toe deformities, and the severity of hallux valgus. Separating the sway values into anteroposterior and mediolateral components made little difference to these associations, with the exception of hallux valgus being associated with mediolateral sway on the floor (r ¼ 0.158, p ¼ .037). Table 4 shows the differences in functional test scores according to performances on the two paper grip tests. Independent sample t tests revealed that participants who failed the two paper grip tests performed worse on each of the balance and functional tests. Table 5 shows the associations between the sensorimotor tests and balance and functional tests. Most sensorimotor measures were associated with balance ability functional performance, with strength and reaction time tests exhibiting the strongest correlations.
Associations Between Foot and Ankle Characteristics and Balance and Functional Tests
Associations Between Sensorimotor Tests and Balance and Functional Tests
Multiple Regression Analyses Table 6 shows the results of the stepwise multiple regression analysis for each of the balance and functional tests. One or more of the foot and ankle test scores were found to be significant independent predictors of each of the tests. In particular, ankle flexibility was found to be an independent predictor of each test, exhibiting the highest ß weight for sway on the floor, coordinated stability, alternate step test, and sit-to-stand. One of the two paper grip tests and tactile sensitivity of the 1st MPJ were also found to be independent predictors of the balance and functional tests. With the exception of coordinated stability, the inclusion of age explained further variance in all tests.
DISCUSSION
The findings of this study indicate that foot and ankle characteristics significantly contribute to balance and functional ability in older people. In particular, tactile sensitivity of the plantar surface of the foot and ankle flexibility were strongly correlated with postural sway, whereas ankle flexibility and the strength of toe plantarflexor muscles were consistently associated with the leaning tests and functional measures. The association between plantar sensation and standing balance is consistent with previous reports of increased postural sway in persons with peripheral neuropathy (27, 28) and impaired postural responses when sensory input is blocked in healthy persons (29, 30) , and indicates that plantar mechanoreceptors provide functionally important information regarding body position (31) . Similarly, the association between toe plantarflexor strength and maximal balance range is consistent with Endo and colleagues (32) , who reported a strong correlation between force plate measures of toe plantarflexor strength and the anterior limit of the functional base of support. Toe muscle function may play a particularly important role in the maintenance of balance in older people. Tanaka and colleagues (33) have shown that when standing, older people exert greater pressure with their toes than do younger people, possibly in an attempt to intensify sensory information to maintain balance. Contrary to previous findings in young persons (14, 15) , foot posture was not found to be a predictor of balance or functional ability. The presence of corns and calluses was also poorly correlated with the functional measures; however, this is most likely because these foot problems are almost ubiquitous in this age group (7) . Consistent with our previous study (23) , toe deformities (including hallux valgus) were significantly associated with balance and functional ability in univariate analyses; however, the inclusion of ankle flexibility and toe strength in this study precluded them from being included in the multivariate models due to their relatively weaker associations.
Despite the broad range of possible predictors included in the regression models, it is acknowledged that much of the variance in the balance and functional measures remains unaccounted for. The sway tests were relatively poorly predicted, explaining between 11% and 24% of the variance in test performance. The amount of explained variance in the leaning balance and functional tests was considerably greater (between 47% and 59%); however, other factors such as vestibular function and pain may have provided additional information. Nevertheless, the multiple R 2 values reported here compare favorably to other investigations of these functional measures (3) (4) (5) , indicating that the foot and ankle measurements are useful additions to the sensorimotor test battery used previously.
The major foot and ankle predictors revealed by the study are potentially modifiable. Although peripheral sensory loss is generally irreversible, there is emerging evidence that augmenting tactile sensory information from the sole of the foot using insoles with raised projections (34) or vibrating pads (35) may improve balance in older people. Furthermore, interventions directed at increasing ankle and 1st MPJ ROM and increasing the strength of toe plantarflexor muscles may have some value in decreasing the risk of falls in older people. Previous studies indicate that ankle motion can be increased with stretching (36) (37) (38) , Tai Chi (39), and water exercise (40) programs in older people; however, the effect of increasing ankle flexibility on balance and falls risk has yet to be explored. Similarly, preliminary evidence suggests that ''grasping'' exercises to strengthen toe muscles results in improved standing balance in older people (41); however, it is not known whether this translates to a decreased risk of falls. 
Conclusion
Foot and ankle characteristics, particularly tactile sensitivity, ankle flexibility, and toe strength, are important determinants of balance and functional ability in older people. Intervention studies to reduce risk of falling may possibly benefit from augmenting sensory information from the foot and the inclusion of stretching and strengthening exercises for the foot and ankle. 
